, Orme-Johnson (1985) , Burgess (1985) , Smith (1990) , Thorneley ( , 1992 , Smith and Eady (1992) and Lowe (1992) . Recently Kim and Rees (1992) have published structural models for FeMoco and P-centres based on 0.27 nm resolution X-ray crystallographic data; in these models each FeMoco centre is a [4Fe-3S] cluster and a cluster bridged by non-protein ligands and the P-centres are two clusters bridged by two thiol ligands derived from cysteine residues. In vivo the electron donor is a flavodoxin (Hill and Kavanagh, 1980; Nieva-Gomez et al., 1980; Thorneley and Deistung, 1988) but sodium dithionite (Na2S204) has been generally used for in vitro kinetic studies.
We have defined a kinetic scheme that is the generally accepted basis for the understanding of the mechanism of N2 and HI reduction by nitrogenase (Orme-Johnson, 1992) , in a series of five papers (Thorneley and Lowe, 1983 ; Lowe and Thorneley, 1984a,b; Thorneley and Lowe, 1984a,b) . This has subsequently been extended to include a description of the reduction of C2H2 by the enzyme (Lowe et al., 1990 ). The mechanism is described in terms of the Fe-protein (Kp2) cycle and the MoFe-protein (Kpl) cycle. In the first of these, the reversible association of reduced Kp2 with Kpl is followed by the transfer of a single altered, these pre-steady-state absorbance changes are affected in a manner that is quantitatively predicted by our model. The results, together with parallel e.p.r. studies, are interpreted as showing that the P-clusters become oxidized when the MoFe protein is in the state where bound N2 is irreversibly committed to being reduced and is protonated to the hydrazido(2-) level.
electron from Kp2 to Kpl and the obligatory reversible dissociation of oxidized Kp2 from reduced Kpl before the Kp2 is re-reduced by dithionite. Eight of these Fe-protein cycles are combined to produce a single MoFe-protein cycle (Scheme 1), providing the eight electron transfers required to reduce N2 + 8H+ to 2NH3 + H2. Kp I that has had n electrons transferred to it from Kp2, and has been round n Fe-protein cycles, is written as En.
H2 can be evolved from E2, E3 and E4 (Scheme 1) independently of N2 binding. C2H2 binds at E1 and E2 and C2H4 is evolved from E3 (Lowe et al., 1990) . This paper is principally concerned with the absorbance changes that take place as the MoFe protein is reduced to the various En states of the MoFe-protein cycle (Scheme 1). Previous pre-steady-state stopped-flow spectrophotometric studies have been concerned with the initial electron transfer from Kp2red to Kpl which is complete within 20 ms under normal conditions. Thorneley (1975) and Lowe and Thorneley (1984b) examined the reduction of the dithionite-reduced state, Eo. Fisher et al. (1991) studied the corresponding initial electron transfer when a preparation of E1 was reduced and they concluded that this rate was independent of whether the MoFe protein was in state Eo or E1.
We now extend this to a study of absorbance changes taking place over the first 500 ms as the Kpl is reduced from Eo through to E4 and correlate them with the calculated concentrations of the various species as they change with time, substrate and component protein ratio, in order to probe the nature of the redox changes taking place in the metal clusters of Kpl.
MATERIALS AND METHODS Purification of protein components
The Klebsiella pneumoniae (oxytoca) N.C.I.B. 12204 nitrogenase component proteins were purified and assayed as previously described (Thorneley and Lowe, 1983 (Ashby and Thorneley, 1987) . The stopped-flow machine was left in Arsaturated buffer (25 mM Hepes, 10 mM MgCl2, pH 7.4) containing 1 mM Na2S204 overnight and flushed with the similar Ar-sparged buffer before filling with the first ATP and protein solutions under 1 atm of Ar.
The final concentrations after mixing were Kpl (10 ,#M), Kp2 (80 #tM) and ATP (9 mM) except for the data of Figure 4 where Kp2 was 10 ,M. All the solutions contained Na2S204 (10 mM), MgCl2 (10 mM) and Hepes buffer (25 mM) at pH 7.4.
Preparation and measurement of e.p.r. samples Equal volumes of two solutions, one with Kpl (25 ,uM) and Kp2 (200 , uM) and the other with ATP (18 mM), were incubated in 7.8 ml glass serum vials with Suba-seal closures in a shaking water bath at 23 'C. Both solutions also contained Na2S204 (10 mM), MgCl2 (10 mM) and Hepes buffer pH 7.4 (25 mM).
Before incubation in the presence of 1 atm of CO, C2H2 or Ar, ATP solutions were Ar sparged to remove residual N2. Protein solutions were evacuated and Ar flushed three times. Large-bore stainless-steel needles (serum 0) were used to remove 0.5 ml portions of each solution into two 1 ml syringes. These two syringes were then fitted into the inlet ports of a preflushed Perspex mixing block as previously described (Fisher et al., 199 1) . A 15 cm needle was attached to the exit port of the mixing block in order to deliver the mixed sample into the bottom of an e.p.r. tube which was capped with a Suba-seal closure and flushed with Ar through another needle. The 15 cm needle was used as a vent for the e.p.r. tube before attachment to the Perspex mixing block at which time the inlet Ar was turned off to avoid a high positive pressure inside the e.p.r. tube. The two 1 ml syringes were manually driven in tandem to deliver 0.2 ml from each into the e.p.r. tube which was then frozen in isopentane cooled to -140 'C; this process took approx. 5 s. Spectra showing the same features were obtained for eight different sets of samples.
E.p.r. spectra were recorded on a Bruker ER200D spectrometer at 30 K and 100 mW microwave power at 9.42 GHz using 2.0 mT field modulation at 100 kHz.
Computing
This was done on a MicroVax II computer using National Algorithm Group (NAG) subroutine D02BAF to solve the differential equations describing the reaction schemes used.
Simulations were produced by multiplying the Ae430 values given in the Results section by the sum of the concentrations of all species in Scheme 2 of Lowe and Thorneley (1984a) contributing to the species of Scheme 1 of the present paper; a species En of Scheme 1 thus includes free Kpl at that level of reduction plus all similar species of Kpl complexed with oxidized, reduced and inactive Kp2. The 'dead-time' of the stopped-flow apparatus was 3 ms (M. Ramjee and R. N. F. Thorneley, unpublished work) and this was subtracted from all simulations.
RESULTS

Absorbance changes under Ar
The strategy employed was to simulate the absorbance changes occurring, after mixing Kp2 plus Kpl with MgATP in time ranges at which different redox levels of Kpl became populated, by using changes in absorption coefficients. The results are described by Figures 1, 2 and 3 The concentrations for stopped-flow spectrophotometry were as described in the Materials and methods section. The solutions were equilibrated with 100% Ar before the experiment. The two smooth curves are simulations using the rate constants and assumptions of Scheme 2 of Lowe and Thorneley (1984a) . Using an Ac430 of 4.5 mM-cm-' for the oxidation of Kp2 gives the dashed curve (----) . Using additional Ac430 values, relative to Eo, of -2.2 mM-1-cmfor E2 and E3, and of 4.5 mM-cm-' for E4 gives the solid curve ( ); these latter values are those that give the solid curve in Figure 3 . of Thorneley (1975) where [Kp2]/[Kpl] was 1: 1. The dashed line through the experimental data is a simulation using the complete Scheme 2 and rate constants in Table 1 of Lowe and Thorneley (1984a) with a Ac430 of 4.5 mM-' cm-' (Ashby and Thorneley, 1987) for the oxidation of Kp2; the almost coincident solid line uses the final conditions that include the contributions from Kp I discussed below. The similarity of the two simulations shows that the curve is dominated by the Kp2 oxidation in this time range, although the excellence of the fit is perhaps not surprising since the simulated curve is dominated by the rate of electron transfer from Kp2 to Kpl within the protein complex; this was measured from similar data by Thorneley (1975 (Fisher et al., 1991) .
In Figure 2 we show the effect of observing up to 150 ms. The dotted line shows the continuation of the dashed curve from Figure 1 ; itis clearly an inadequate simulation ofthe experimental curve in this time range. At 50 ms, when 16 % of the Kpl is in state E2, the deviation is marked and it continues to increase up to 150 ms when 33 % of the Kpl is in state E2. The dashed line, however, gives a good simulation by assuming that the transfer of the second electron from Kp2 to Kpl (to give E2) results in a Ac430 of -2.2 mMl cm-'. For Fe-S centres, a decrease in absorbance is normally assumed to be a consequence of the reduction of the cluster; we therefore associate such a reduction with the transfer of the second electron to Kpl. Note that at 50 ms, < 1% of the Kpl is at levels other than Eo, El and E2.
The final simulation is again shown by the solid line.
Finally Figure 3 shows the time course of absorbance changes occurring up to 1 s. The dotted line is the continuation of the dashed line simulation of Figure 2 and is again inadequate. The solid line simulation, which follows the major changes in slope of the experimental curve up to 0.6 s, assumes that there is no change in absorbance as E2 is reduced to E. and that there is an increase in absorbance corresponding to a Ac430 of 4.5 mM' cm-' as E3 is reduced to E4.
For times up to 600 ms, all deviations between the simulation and the experimental curve are less than 0.002 absorbance unit and correspond to Ac430 values of less than 0.5 mM' cm-'; we regard these as not important at this level of resolution. Nevertheless there is a small but reproducible deviation that can be seen between 30 and 200 ms such that the simulation is at the lower edge of the experimental noise below about 100 ms and at the upper edge at the longer times. This oscillation is less than 20 % of the deviations that we have used to derive our absorption coefficients and cannot be simulated using the procedures in this paper since no intermediates of Scheme 1 are changing concentration in a manner consistent with it. What is therefore clear is that these small absorbance changes occur, not as a result of reactions involving component protein association or dissociation or intermolecular electron transfers, but as a result of intramolecular reactions at the E2 level of reduction of MoFe protein; these reactions could be the transfer of electrons between clusters within the MoFe protein or from clusters to bound protons to give bound hydrides. Figure 3 be 25 % inhibited at 1 s; the actual inhibition will be less than this since more free Kp2red will be available at the higher [Kp2]/ [Kpl] ratio used in our experiments.
Effect of changing the component protein ratio the Scheme. This is principally because at, for example 0.5 s, under the conditions of Figure 4 and Figure 3 , the population of species E4 are 23 % and < 0.01 % of the total Kpl respectively. Note that at times longer than 0.6 s, the simulation of Figure 4 is a closer fit to the data than that of Figure 3 ; this is because the rate of hydrolysis of ATP is less at the lower component ratio.
Absorbance changes under C2H2
In the light of the assumptions required to simulate accurately the absorbance changes that occurred under Ar, it was of interest to examine the effect of adding C2H2 since, according to Lowe et al. (1990) , Kpl with C22 bound cannot be reduced below the E.
level (Scheme 1). Figure 5( Absorbance changes occurring under CO
The first second of the time course in the presence of the inhibitor CO is given in Figure 5( Effect of different gas phases on e.p.r. signals during turnover Figure 6 shows the e.p.r. signals in the region g = 12 to g = 3 obtained from nitrogenase turning over in the presence of Ar, N2, C2H2 and CO. Since the e.p.r. features being examined were of very low intensity, Figure 6 uses spectra that were accumulated for a total of 5.9 h. All spectra exhibited weak features at g = 4.3 and g = 3.7 given by the FeMoco centres in state Eo, as well as a broad feature between g = 6 and g = 4 which is probably from reduced Kp2 (Hagen et al., 1985) . Of greater interest in the context of the present work are the sharp signals at g = 5.4 and g = 5.7 seen in the presence of Ar (Figure 6d ) and N2 (Figure 6b ), but not in the presence of C2H2 (Figure 6a ) or CO (Figure 6c ). These signals were first described by Lowe et al. (1978) Conditions for the data and simulations were as in Figure 1 except that for (a) 100% C2H2 was equilibrated with the solutions and included in the simulation so that the additional species present under C2H2 described by become populated, (b) 100% N2 was equilibrated with the solutions and included in the simulation so that species E5, E6 and E7
(Scheme 1) become populated and (c) 100% CO was equilibrated with the solutions but no simulation is given. For the simulations, the Ae430 values used, relative to Eo, were the same as for the solid curve in Figure 3 with the addition that E3 with C2H2 bound had a A6430 of 0.0 mM-1 cm-' relative to Eo. Since such signals have been observed from P-centres, but not from FeMoco, we suggest that they are given by oxidized Pcentres and that they can be assigned to two different types of + 3/2 manifolds of S = 7/2 spin systems.
DISCUSSION
The analysis that we have undertaken has shown that the metal cluster centres of a nitrogenase MoFe protein undergo redox changes as electrons are transferred from the Fe protein. These changes do not, however, correspond to the number of electrons that have been transferred and it is interesting to speculate on which centres accept the electrons. We have shown that the initial reduction, generating E1 (Scheme 1), results in no significant change in absorbance, although the e.p.r. signal of bound FeMoco is bleached and the change in M6ssbauer spectrum is consistent with a reduction of FeMoco (Smith and Lang, 1974; Miinck et al., 1975) . Hence the orbitals containing the unpaired electron(s) are not associated with any optical transitions contributing significantly to the 6430.
The second electron transfer giving E2, however, results in an absorbance change corresponding to a reduction of a metal cluster. This suggests that even though E2 is capable of releasing H2, and also gives H2 on quenching in acid (Lowe and Thorneley, 1984a) , the electron density resides on the cluster and not on bound dihydrogen. No further optical change is observed when E3 is formed.
The formation of E4 is the most interesting, in that it is the species that must be reached before MoFe protein with N2 bound becomes irreversibly committed to reducing the N2 (Thorneley and Lowe, 1984a) . We have now shown by optical absorbance changes that its reductive formation is associated with an oxidation of a cluster within the MoFe protein, and furthermore by e.p.r. that the centres oxidized are likely to be the P-clusters of hitherto unknown function. We suggest therefore that when E4is reached, a transfer of electron density from the P-centres on to FeMoco is triggered and that this generates an increased reducing power. Electron transfers between these clusters are possible since the shortest distance between metal sites on FeMoco and the associated P-cluster pair is about 1.4 nm (Kim and Rees, 1992) . Thorneley and Lowe (1984a) 
